Diamond-like silicon photonic crystals were fabricated by sequential chemical vapor deposition of silica and silicon on polymer templates photopatterned by holographic lithography. The optical properties of the 3D crystals after each processing step were measured and compared to the corresponding bandgap simulation. The core-shell morphology formed during CVD process is approximated using two level surfaces.
INTRODUCTION
The concept of three-dimensional (3D) photonic crystals (PCs) that possess an omnidirectional bandgap in the optical regime has stimulated extensive research on discovery of novel fabrication methods, including self-assembly of colloidal particles, [1] layer-by-layer photolithography, [2] direct-write-assembly through two-photon polymerization [3] and the use of polyelectrolyte inks, [4] and holographic lithography (HL), [5] and on the study of the photonic bandgap (PBG) properties of such produced structures. These periodic arrays of dielectric materials provide a new platform for photonic and optoelectronic applications such as negative-refractive index materials, [6] active optical switching, [7] and low-threshold lasers. [8] However, most 3D photonic structures are produced either in polymers or silica, which typically have low refractive index contrast. The minimum index contrast required to open a complete PBG, for example, is approximately 2.8 for inverse opals [9] and 2.0 for woodpile structures [2] . Thus, backfilling with a high refractive index material into the produced 3D templates is necessary. [10] [11] [12] Of many high index materials silicon is ideal because of its high refractive index (n= 3.5 -3.9) [12] and transparency in the near-IR and IR region.
Compared to many other 3D microfabrication methods, holographic lithography is fast and flexible. [13] A single exposure (a few nanoseconds to seconds) of four interfering beams creates a periodic 3D structure in polymer, and the processing time is independent of the volume of the structure. The lattice and basis can be precisely controlled by the beam geometry, polarization, phase, intensity, and wavelength. To date, it has been demonstrated for the fabrication of polymeric 3D crystals, including face-centered cubic, [14] diamond-like, [5, [15] [16] [17] gyroid, [15] simple cubic lattices, [15] and quasicrystal structures. [18, 19] Meanwhile, intense band gap engineering has been conducted to investigate the robust photonic bandgap (PBG) in HL patterned PCs. [20, 21] Previously, anatase-phase titania PCs [5] and organic-inorganic hybrids [22] have been fabricated by HL, however, the refractive index contrast was not high enough to open a complete PBG. In this communication, we demonstrate the first example of silicon photonic crystals templated on HL defined polymer structures through sequential chemical vapor deposition of silica and silicon. Four beams are assembled for diamond-like interference pattern. [15] During chemical vapor deposition (CVD), a shell morphology is observed, which grows continuously on the surface to fill the interstitial voids. To theoretically and quantitatively the effect of the shell morphology on the bandgap properties, we have developed a two-parameter level-set approach to offer close approximation of the PC structure. Both optical characterization and PBG simulation results suggest that a complete filling is necessary to maximize PBGs in the diamond-like structures.
EXPERIMENTAL
A laser beam source (532nm wavelength, Power Diode-Pumped Nd:YVO4 Laser, Coherent) was split into four beams to produce an interference pattern. The photoresist was prepared by mixing Epon SU-8 pellets and 2.5 wt % Irgacure 261 (from Ciba Specialty Chemicals) as visible photoinitators in γ-butyrolactone. The photoresist was spin-coated on a fused silica plate, ~10 µm thick after pre-exposure bake at 95 °C. The film was exposed to the superimposed interference beams for 1-6 s. After post-exposure bake at 95 °C, the exposed film was developed in propylene glycol monomethyl ether acetate (PGMEA, Aldrich) to remove unexposed or weakly exposed films for 3D porous structures.
The deposition of silica was achieved in a batch reactor under atmospheric pressure and at room temperature. The template sample was exposed alternatively to water vapor for 30 minutes and silane tetrachloride (SiCl 4 , Aldrich) vapor for 30 minutes. The concentration of SiCl 4 was 0.5 vol% in moisture-free argon gas and water vapor was maintained at 60 % relative humidity. The rate of silica deposition was controlled at ~ 50 nm/cycle. The SU-8 templates were removed by calcinations at 550 ˚C at 2 ˚C /min for 3 hours in air. To remove the silica cover on top of the sample, plasma reactive-ion etching (RIE) was performed with a gas mixture of CF 4 (90 sccm) and O 2 (9 sccm) under a pressure of 75 mTorr at a power density of 70 W.
Amorphous silicon was grown by low-pressure chemical vapor deposition using 2% diluted silane (SiH 4 ) gas. The deposition was achieved at 550 °C and the flow rate of the precursor gas was 100 sccm at 250 mTorr. The 3D silicon-silica structure was mounted on top of sapphire substrate using an optical adhesive. [27] The silica structure and substrate were etched using RIE and 1 -5 % HF solution.
The reflection spectra of 3D SU-8, silica and silicon crystals were measured by a FT-IR (Digilab Excalibur FTS 6000) spectrometer equipped with a UMA 600 IR microscope with a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector. An area of 75×75 µm 2 on the photonic crystal sample was probed using a Cassegrain objective lens (15× magnification) and an adjusted aperture. Meanwhile, the probed position in the sample was fixed at the middle point between the center and boundary of the sample. The band structures of the photonic crystals were calculated using the MIT photonic bands (MPB) software package. SEM images and focused ion-beam etching were obtained on a dual beam FIB-SEM instrument (FEI Strata DB235).
RESLTS AND DISCUSSIONS
We constructed four umbrella-like beams to create an interference pattern with three-term diamond-like symmetry. From theoretical bandgap calculations, [15] this three-term diamond structure possesses a complete bandgap between the 2nd and 3rd bands, which is robust with respect to defects and structural deviation, and an additional bandgap between the 7th and 8th bands. A laser beam was split into one central beam with circular polarization, surrounded by three linearly-polarized beams. [23] The superposed intensity of only interference terms can be approximated by I(x,y,z) ∝ sin(x+y-z)+sin(x-y+z)+sin(-x+y+z)}. [21] I The multibeam interference pattern was transferred to a SU-8 photoresist film with an average exposure dose between 0.2 -0.5 J/cm 2 . After a post-exposure bake step, the sample was developed in propylene glycol monomethyl ether acetate (PGMEA), followed by supercritical CO 2 drying to prevent lateral pattern collapse and shrinkage due to the non-uniform capillary forces and viscous stresses during the solvent evaporation. [16] Since the laser beam has a Gaussian distribution of intensity, the volume fraction of polymer decreases towards the edge of the interference pattern. Figure 1a shows a representative scanning electron microscopy (SEM) image of a diamond-like polymer structure in the center region of the patterned film. In Figure 1b , the image of the top surface of the structure shows the (111) plane. Figure 1c shows the fractured image, where the unit basis is elongated in the [111] direction. Since silicon deposition requires a high processing temperature (> 400˚C), which will decompose the polymer template, the polymer PC is first converted to a silica inverse structure through consecutive exposures to SiCl 4 vapor and water vapor. The deposition was repeated 4-5 times to nearly fill the pores. Figure 2a shows a cross-sectional SEM image of the silica-polymer composite structure. Isolated air cavities are observed as indicated by the arrow. These cavities are formed because once the pores connecting the air cavities are closed during deposition further access to the internal cavities by SiCl 4 vapor is restricted. Figure 2b show the inverted silica structure after the thermal decomposition of polymer template. Since the top surface was completely covered with silica (the inset of Figure 2c ) after infiltration, it was removed using reactive-ion etching in order to form openings a window for silicon infiltration (Figure 2c ). The silica inverted structure has a 200 -300 nm thick shell morphology and the arrows indicate the three bridges connecting to the upper unit atoms, which were the air cavities observed in polymer structures. .... S.---..-.
---Finally, the silica structure was converted to a silicon crystal through low pressure chemical vapor deposition (LPCVD) of silane (SiH 4 ) gas at 550 °C. The amorphous-Si conformally coated the silica template at a rate of 100 -150 nm/hr. In our experiment, a 150 -200 nm thick silicon layer was deposited. Figures 3a and 3b show the SEM images of silicon PCs and the magnified image of the (111) plane, respectively. The film was etched by focused-ion beam to reveal the cross-section (Figure 3c ). Optical properties of the polymer, silica, and silicon PCs after each processing step were analyzed with an Fourier transform infrared (FT-IR) spectrometer equipped with an infrared microscope. The SU-8 structure had a reflection peak at 2.4 -2.6 µm with the incident light in the (111) direction. The corresponding volume fraction was 0.40 -0.60, as estimated by Bragg's law using the lattice distance in (111) direction (d 111 = 0.92 -0.94 µm by SEM image analysis) and the refractive index of SU-8, n = 1.6. The reflection peak frequency varied ~ 10 % over the patterned area, which could be attributed to the Gaussian distribution of the beam intensity along the beam diameter. This variation can be minimized by using a beam shaper to flatten out the beam profile and will be investigated in our future work.
In order to calculate the photonic band structure and for comparison the experimental reflection spectra, the level surface of the physical structure were developed from the superimposed intensity of interference terms, I(x,y,z). Based on the SEM images (Figure 1 ) with the volume fraction of ~ 0.5, the structure could be approximated using 0.1 < I(x,y,z) and the level surface of the structure is shown in the inset of Figure 4a . As seen in Figure 4a , the position of normalized reflection peak (a/λ), 0.65, for the polymer structure aligned well with the calculated pseudogap between the 2nd and 3rd bands, corresponding to the ГL direction (L-gap).
After calcination, the d 111 of the silica structure decreased by 10 -15 % to 0.80 -0.83 µm according to SEM image analysis. The reflection peaks from the L-gap was shifted to 1.8 µm due to the smaller lattice period and lower refractive index of silica, n = 1.4, compared to that of SU-8. The volume fraction was estimated to be in the range of 0.30 -0.35. Meanwhile, it should be noted that during silica deposition, a conformal shell was grown continuously along the normal to the initial surface, leaving isolated air cavities that remained unfilled (Figure 2a) . Therefore, the shell structure should be considered in the photonic band calculations to yield a close approximation of the fabricated PCs. Since the shell morphology spans from the template surface to the grown new surface, we introduce a twoparameter level-set approach to investigate the PBG properties of core-shell morphology, which can be defined as t 1 < I(x,y,z) < t 2 for the dielectric regions surrounded by air, and t 1 > I(x,y,z) and t 2 < I(x,y,z) for air where t 1 and t 2 are two parallel level surfaces that represent the template surface and the grown surface, and vice versa. Here, t 2 , which was the polymer structure, is approximated as 0.1. Based on the calculated volume fraction and the SEM image (Figure 2a) , t 1 is estimated as -1.0. Accordingly, the silica structure is defined by -1.0 < I(x,y,z) < 0.1 (see inset in Figure 4b ). The pseudogap in calculated band structure of the silica PC matches well with the measured peak of reflection spectrum (Figure 4b ).
For the silicon structure, the reflection peaked at 3.6 µm. The volume fraction was estimated to be 0.32 -0.36 given the refractive index of silicon, n = 3.55 and the d 111 = 0.80 -0.83. Since t 1 is the level surface of the silica template and t 2 is estimated as 1.6 using the above calculation approximation, the structure was estimated as 0.1 < I(x,y,z) < 1.4, which possess the volume fraction of 0.34. In Figure 4c , the ГL direction is shown and fits well with the reflection peak from the L-gap. However, the complete bandgap between 2nd and 3rd bands were found closed due to the incomplete filling and the deviation from an ideal level surface, where 0.4 < I(x,y,z). To quantitatively understand the effect of shell morphology on the complete bandgap, we calculate the bandgap structure of an optimized silicon diamond-like structure (t 1 = 0.4 and 0.4 < I(x,y,z)) with variable shell thickness. As seen in Figure 5 , the bandgap has a maximum when the structure is completely filled and decreases as the shell thickness decreases (i.e., t 2 decreases). Therefore, complete infiltration of silicon is necessary to maximize the bandgap in the diamond-like structures. This behavior differs from the findings in the case of simple cubic and face-centered cubic structures with core-shell morphologies which show enhanced complete bandgap between 5th and 6th bands and 8 th and 9th bands, respectively. [24, 25] Nevertheless, the calculation shows that the PBGs are robust: the bandap width is only decreased by ~10% when the template is 90% filled, which is achievable through CVD process. [26] In conclusion, we have demonstrated the fabrication of a diamond-like silicon PCs from holographicallydefined polymer templates, followed by sequential chemical vapor deposition of silica and silicon. The optical properties of the respective 3D crystals (polymer, silica and silicon) were measured and compared to the corresponding bandgap simulation to evaluate the control parameters at each processing step. Specifically, a two-parameter level-set approach is proposed to closely approximate the core-shell morphology formed during the CVD process. Both experimental results and calculations suggest that a complete filling is necessary to maximize the photonic bandgap in the diamond-like structures. We believe that the systematic understanding of the formation of a core-shell morphology and their photonic properties offer important guidance to the fabrication of a wide range of photonic crystals, especially those from the holographic templates. Among many 3D microfabrication techniques, holographic lithography offers a facile route to create PCs with robust PBGs over a large volume, which is especially attractive in mass-production and replication. Further, it is possible to integrate holographic lithography and two-photon lithography, [3] which will enable fast production of 3D PCs with controlled, functional elements (e.g. cavity defects and waveguides). 
